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Hard Magnets IV: Electronic Structure

Electronic structure of Sm,Fe;N, compounds

J. P. Woods, A. 8. Fernando, S. S. Jaswal, B. M. Patterson,

D. Welipitiya, and D. J. Selimyer

Behlen Laboratory of Physics and Center for Materials Research and Analysis, University of Nebraska,
Lincoln, Nebraska 68588

Sm,Fe;;N, is of considerable current inierest as a permanent-magnet material because of its
enhanced Curie temperature and uniaxial anisotropy. The electronic structures of Sm,Fe,;N,
for x=0 and x ~2.6 have been studied with photoemission and spin-polarized calculations. The
materials are prepared by arc melting and nitrogen is introduced by ion implantation. The
nitrogen concentration is quantified with Auger electron spectroscopy. The Sm 4/ electrons
with binding energies between 6 and 10 eV are investigated with resonant photoemission using
photon energies near 140 ¢V. The major features of ultra-violet photoemission spectra include
the Fe 3d band with a strong peak at 0.8 eV and a small peak at 2.9 eV below the Fermi energy
which agree quite well with the theoretical density of states calculation. The modification of the
electronic structure with nitrogen concentration is studied to understand the effect of nitrogen

T. Weston Capehart, Chairman

addition on the magnetic properties.

l. INTRODUCTION

The properties required for permanent-magnet materi-
als are a large magnetization, a large magnetic anisotropy,
and a large coercivity at or above room temperature. The
magnetization of a magnetic material is determined in part
by the ordering or Curie temperature T, at which the mac-
roscopic ferromagnetic alignment of the material is ther-
mally destroyed. The magnetic anisotropy of superior mag-
netic materials is due to the anisotropic crystal structure.!
Currently, the best permanent magnet materials consist of
rare-earth (R) transition-metal (T) compounds, often
with a metalloid added. The compounds are generally
transition-metal (Fe or Co) rich, which produces a large
magnetization and a large Curie temperature. The addition
of rare earths results in a reduced Curie temperature, but a
uniaxial magnetic anisotropy is created or enhanced.

Two examples of the RT permanent-magnetic materi-
als with widespread applications are SmCos and Nd,Fe,;B.
Larger transition metal concentrations are obtained in the
R,Fe;; compounds, but these materials have low Curie
temperatures and lack uniaxial anisotropy. The Curie tem-
perature increases with the addition of hydrogen?® or car-
bon,” which occupy interstitial sites. A larger increase in
the Curie temperature is obtained with the addition of ni-
trogen (N) into interstitial sites, and a uniaxial anisotropy
is induced only when R=Sm (see Ref. 4).

The electronic structure of the Y,Fe,; compound with
and without N was calculated with self-consistent spin-
polarized calculations.” The Fe 3d bands near the Fermi
energy shift to larger binding energies with the addition of
nitrogen which is due to a reduction in overlap with in-
creasing lattice spacing. The width of the Fe 3d bands
decreases, the density of states at the Fermi energy de-
creases, and the total magnetic moment per formula unit
increases with the addition of nitrogen. These last two re-
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sults can be employed in the spin-fluctuation theory to
model the increase in Curie temperature with nitrogena-
tion.?

This paper describes the electronic structure of the
compound Sm,Fe;;N, with x=0 and x~2.6 as measured
in photoemission experiments performed at the Alladin
Synchrotron Radiation Center in Wisconsin. The Fe 3d
electrons dominate the photoemission specira near the
Fermi energy, with both a majority and minority peak near
1-eV binding energy, and a second majority peak near 3-eV
binding energy. The cross section for Sm 4/ electron emis-
sion is enhanced due to 4d —4 f photon absorption for pho-
ton energies near 145 eV. The final state multiplet structure
of the Sm emission identifies the nearly 4/° configuration
of Sm in the compound.

1l. EXPERIMENT AND RESULTS

Two bulk Sm,Fe;; samples were used in the experi-
ments. The first sample was prepared by arc melting Sm
and Fe powder followed by vacuum annealing at 1000 °C
for several days.* The second sample was prepared by arc
melting Sm, Fe, and 4% Nb (by weight), and the vacuum
annealing stage was not required.® The results obtained
below were identical for both samples, and the Nb in the
second sample was not detected with any experimental
technique. The samples are polycrystalline with grain di-
ameters less than 2 um. A portion of each arc-melted but-
ton was pulverized into a powder and powder x-ray dif-
fraction verified the rhombohedral Th,Zn;, structure. A
disc of approximately 1 ¢cm in diameter and 1 mm thick
was spark cut from each button and the surfaces were
polished.

The samples were mounted on a tantalum/tungsten
sample manipulator in an ultra-high vacuum chamber with
a base pressure of 2 107!° Torr. A heating filament was
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positioned behind the samples for radiative or electron
beam heating. The sample surface was cleaned with Argon
ion bombardment, and the surface composition was mea-
sured with Auger electron spectroscopy (AES). The Au-
ger and photoemitted electrons were energy analyzed with
a 117-mm radius quarter sphere energy analyzer equipped
with a variable exit aperture. The photoemission experi-
ments employed a photon energy range between 15 and
150 eV; the total resolution in the ultraviolet (22.5 eV)
photoemission experiments is 0.13 eV, and the resolution
with soft x-rays (150 eV) is 0.50 eV.

A. Nitrogen addition

Nitrogen was introduced into the sample with ion im-
plantation in order to maintain the ultra-high vacuum base
pressure. The nitrogen ions were generated and accelerated
with the same ion sputter gun used for argon sputter clean-
ing. The surface was initially cleaned with several cycles of
argon sputtering and annealing to 350 °C, and the clean
surface photoemission was acquired. The nitrogen ions
were implanted with a kinetic energy of 2 keV and a cur-
rent of 6X 107° A for 10 min. The nitrogen concentration
x after nitrogen sputter normalized to the formula value
(Sm,Fe;N,) was measured with AES as x=9.840.6. The
nitrogen-rich surface region acts as a source of nitrogen for
diffusion in subsequent anneals to 400 °C for several min-
utes. The surface nitrogen concentration is reduced to
x=3.2+0.4 after the sample was annealed in ultra-high
vacuum. The nitrogen-rich surface region is then removed
with argon ion sputtering and the subsurface nitride layer
was exposed. The nitrogen concentration x was measured
as a function of depth with argon ion sputtering and Auger
spectroscopy. The subsurface nitrogen concentration was
measured as x=2.6+0.4, and the nitride region was esti-
mated to be 1.4 um thick. These results are similar to Kerr
microscopy observations of the nitrogenation of grains by
Mukai and Fujimoto.” In their work, a surface nitrided
region approximately 1.5 ym thick is present in grains of
Sm,Fe; after annealing at 500°C in nitrogen for one
minute.

B. Electronic structure

The calculated density of states (DOS) for the clean
and nitrided Y,Fe;; compounds are shown in Fig. 1. The
self-consistent spin-polarized calculations use the linear-
muffin-tin-orbitals method in the scalar relativistic approx-
imation.>® The calculated eigenvalues were truncated at
the Fermi energy, and then convolved with a Gaussian
with a half-width of 0.47 eV resulting in curves (e) and (f)
in Fig. 1. The 2:17 DOS is dominated by two peaks at 1.0-
and 2.7-eV binding energies. The 2.7-eV peak is due pri-
marily to majority electrons and the 1.0-eV peak is a com-
bination of majority and minority electrons. The main fea-
tures in the Y,Fe;N; DOS have shifted to larger binding
energies by approximately 0.3 eV, and a peak at 6.1 eV
binding energy due to nitrogen is evident.

The experimental energy distribution curve (EDC)
from the Sm,Fe; bulk sample obtained with 22.5-eV pho-
ton energy is curve (d) in Fig. 1. The surface contaminants
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FIG. 1. Experimental EDCs and calculated DOS for the clean and ni-
trided 2:17 compound. The photoemission EDCs were acquired with a
photon energy of 22.5 eV and the sample was at room temperature during
data acquisition. (a) EDC of the Sm,Fe;N, surface after sputtering with
nitrogen. The nitrogen concentration is x=9.8. (b) EDC of the nitrogen
sputtered and heated Surface. The nitrogen concentration is x=3.2 with
12% contamination of oxygen. (c¢) EDC of the subsurface nitride
Sm,Fe;N, 4 obtained by argon sputtering the nitrogen rich surface layer
of (b) and annealing to 350°C. (d) EDC of the clean Sm,Fe,; surface
obtained prior to nitrogen sputtering. (e) Calculated DOS for Y,Fe;;N,.
(f) Calculated DOS for Y,Fey,.

carbon (C) and oxygen (O) are below the detection limit
of AES (~29%), and the C and O peak near 6-eV binding
energy is eliminated from the EDC. The data points are
separated by 0.1 eV, and the line through the data points is
a moving least-squares fit to the data. The two peaks in the
EDC at 0.85 and 2.9 eV correspond well to the peak posi-
tions in the DOS. The slope at the Fermi edge of the EDC
is steeper than the calculated DOS which is due to the
difference in the experimental energy resolution (0.15 eV)
and the Gaussian broadening of the DOS (0.47 eV
FWHM).

The EDCs of various stages of nitriding the Sm,Fe,,
(- Nb) sample are shown in curves (a), (b), and (c) in
Fig. I. EDC (a) is from the nitrogen sputtered surface
with x=9.8 and is most likely an amorphous surface com-
posed of Sm; Fe, and N (see Ref. 9). The nitrogen peak is
roughly 3 €V wide and centered at 5.5 eV, and the Fe 3d
peak is slightly wider than the clean surface 3d feature in
curve -{d). After heating to 400 °C, the nitrogen concen-
tration decreases to x=13.2, and the EDC of the annealed
surface taken at room temperature is curve (b). The posi-
tion of the 5.5-eV peak shifts to 5 eV due to O contamina-
tion of 129% measured with AES. The Fe 3d peak in curve
(b) becomes sharper due to structural ordering of the sur-
face. The uncontaminated subsurface nitride is exposed by
argon sputtering and annealing, and the EDC of the nitride
with x=2.6 in shown in curve (c¢). The height of the ni-
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FIG. 2. Exploded view of EDCs (c) and (d) from Fig. 1 of Sm,Fe,; and
8Sm,Fe 4N, . The lines connect the data points and serve as a guide to the
eye.

trogen feature at 5.5 eV is reduced relative to curve (a),
and the O concentration is less than 29 measured with
AES. A shift (0.05 eV) of the Fe 3d peak near 0.9 eV to
higher binding energy in the nitrided EDC relative to the
clean surface is shown with the vertical lines under curves
(¢) and (d). This shift is much smaller than the shift (0.3
eV) in the calculated DOS.

The subtle difference between the EDCs of the clean
and nitrided materials near the Fermi energy is shown in
Fig. 2. The lines in Fig. 2 are through the data points and
serve as a guide to the eye. The systematic shift of the EDC
to higher binding energy by 0.05 eV in the nitride is clear
in the expanded binding energy scale. The reduction of the
DOS at the Fermi energy of the nitride in Fig. 2 agrees
with the calculated DOS at small binding energies.’

Resonant photoemission of Sm in the compound is
shown in Fig. 3. The Sm photoemission cross section is
enhanced at the 4d threshold, and the EDCs above and
below the threshold are shown in Fig. 3. The EDC at 135
eV has been scaled due to a decrease in the photon flux
between data acquisitions. The Fe cross section will not
vary sharply over the photon energy range, and the differ-
ence between the curves shown in curve (¢) is due to Sm.
Below the difference curve in Fig. 3 is the multiplet struc-
ture of the trivalent 4% emission'®!! and the multiplet
shifted to 0.9 eV higher binding energy. For Sm metal,
both divalent and trivalent multiplets are observed at the
surface, but only a shifted trivalent configuration is ob-
served here. The shift to higher binding energy is due to the
Fe environment of Sm, and a similar shift and valence
configuration has been observed in SmB, (Ref. 10) and
SmGe materials.!! The shift to higher binding energy may
be due to nonintegral occupation of the Sm 4 f levels, and
a decreased occupation (4/°~%) with 8 <1 will increase
the binding energy.
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FIG. 3. Resonant photoemitted EDC of Sm,Fe;;. (a) EDC with photon
energy 146 eV, (b) EDC with photon energy 135 V. (c) Difference
between {a) and (b); (b) has been scaled by 1.08 to account for the loss
in photon flux. The curves have been shifted to align the Fermi energies.
The multiplet structure of the trivalent 4 /° configuration in Sm metal and
the multiplet shifted by 0.9 eV are depicted below the difference curve.

lil. CONCLUSIONS

The Sm,Fe,; compound surface has been nitrided in an
ultra-high vacuum chamber using & ion implantation and
annealing. The electronic structures of the clean and ni-
trided compounds are calculated to be quite different, and
the photoemission spectra show a subtle difference in the
Fe 3d electronic structure. There is experimental evidence
of the decrease in the DOS at the Fermi energy upon ni-
triding which is consistent with an explanation of the in-
crease in the Curie temperature of the nitrided compound.
The occupation of the Sm 4 f levels is proposed to be 4/°~°
with § < 1.
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